We derive the abundance of 19 elements in a sample of 64 stars with fundamental parameters very similar to solar, which minimizes the impact of systematic errors in our spectroscopic 1D-LTE differential analysis, using high-resolution (R 60 000), high signalto-noise ratio (S /N 200) spectra. The estimated errors in the elemental abundances relative to solar are as small as 0.025 dex. The abundance ratios [X/Fe] as a function of [Fe/H] agree closely with previously established patterns of Galactic thin-disk chemical evolution. Interestingly, the majority of our stars show a significant correlation between [X/Fe] and condensation temperature (T C ). In the sample of 22 stars with parameters closest to solar, we find that, on average, low T C elements are depleted with respect to high T C elements in the solar twins relative to the Sun by about 0.08 dex ( 20%). An increasing trend is observed for the abundances as a function of T C for 900 < T C < 1800 K, while abundances of lower T C elements appear to be roughly constant. We speculate that this is a signature of the planet formation that occurred around the Sun but not in the majority of solar twins. If this hypothesis is correct, stars with planetary systems like ours, although rare (frequency of 15%), may be identified through a very detailed inspection of the chemical compositions of their host stars.
Introduction
Standard spectroscopic abundance analyses suffer from a variety of systematic errors that are difficult to remove. Using the highest quality data, errors in stellar parameters, atomic/molecular data, the use of static/homogeneous model atmospheres, and the assumption of local thermodynamic equilibrium set an optimistic lower limit of about 0.05 dex (∼10%) to the accuracy of abundance determinations (e.g., Asplund 2005) . A simple way to minimize the impact of these uncertainties is to perform differential analyses of stars that are very similar to each other so that systematic errors are largely cancelled out. Naturally, attempts have been made using stars with parameters that are very similar to solar, the so-called solar twins (e.g., Meléndez et al. 2006; Meléndez & Ramírez 2007) . Recent work on very high-quality spectra of a few solar twins suggests that it is even possible to reach 0.01 dex accuracy (∼2%, Meléndez et al. 2009 ). This level of precision can be useful for revealing the fine details of abundance trends and, perhaps more importantly, to determine whether the solar chemical composition is anomalous.
The use of the Sun as a reference star is understandable. Its basic properties (effective temperature, luminosity, mass, radius, and age) are very well known, and spectra of high quality are available or can be easily acquired. Defining a good sample of solar twins is a more difficult task (Cayrel de Strobel 1996) . Stars with fundamental parameters very similar to solar exist (e.g., Figure 1 and Tables 1-4 are only available in electronic form at http://www.aanda.org
Porto de Mello & da Silva 1997; Meléndez et al. 2006; Takeda et al. 2007; Meléndez & Ramírez 2007 ), yet when more detailed analyses of their chemical compositions or evolutionary states are made, some differences arise, such as the apparently low Li abundance of the Sun and the older age of HIP 56948, the best solar twin known to date (Meléndez & Ramírez 2007; Takeda & Tajitsu 2009 ). However, solar twins with Li abundances and ages similar to those of the Sun most likely exist (Pasquini et al. 2008) , while the age of HIP 56948 may have been overestimated (Do Nascimento et al. 2009 ). In any case, although the Sun is probably not unique, it does not seem to be a very common object in the solar neighborhood (e.g., Gustafsson 2008) .
Determining the detailed chemical composition of the Sun compared to other stars in the solar vicinity will help us determine how unusual our star is, and perhaps even why. Previous studies have been inconclusive because of the systematic errors described above, and because the relevant differences may be small. Here we derive precise abundances for a carefully selected sample of solar twins and analogs, for which systematic errors are minimized using differential analysis, and speculate about the nature of the abundance trends found. activity, if available. About 100 stars satisfied our selection criteria and, given our observational constraints, data for 64 of them were acquired. We also observed the asteroids Vesta and Ceres as solar reference.
Spectra were obtained with the Robert G. Tull coudé spectrograph (Tull et al. 1995) on the 2.7 m Harlan J. Smith Telescope at McDonald Observatory in April, October, and November of 2007. The spectral resolution is R = λ/dλ 60 000 and the wavelength coverage 3800−9125 Å, with gaps between echelle orders of 10−100 Å for wavelengths longer than 6100 Å. Typically two exposures of 20−30 min each were obtained per star with a resulting signal-to-noise ratio (S /N) of at least 150 (median S /N 200). Equivalent widths (EWs) were measured in the spectra (reduced, wavelength calibrated, and normalized using standard techniques) employing four different methods. From comparisons of EW determinations in different spectra for the same star, we estimate that the individual errors in EW are between 2 and 10%, depending on S /N and EW.
We compiled a line list of features that are mostly unblended in the spectra of solar-type stars. This line list includes 25 Fe i lines covering a wide range of excitation potential (EP = 0 to 5 eV) and line strength (EW = 10 to 120 m Å), as well as five Fe ii features, which facilitate precise determination of stellar parameters (see below). The majority of the other elements analyzed in this work have between three and eleven available features (C, O, Al, Si, S, Ca, Sc, Ti, V, Cr, Mn, Ni, Ba), while the rest have less than three (Na, Cu, Zn, Y, Zr).
Effective temperatures, surface gravities, and microturbulent velocities were determined with the standard spectroscopic technique of excitation/ionization balance of iron lines. Recently computed Kurucz model atmospheres (Castelli & Kurucz 2003) and the spectrum synthesis program MOOG (Sneden 1973) Fe i linelist showed a mild correlation between EP and REW. The 1-σ uncertainty of the slopes and Fe i minus Fe ii difference were used to determine the observational errors (average values given here): σ(T eff ) = 50 K, σ(log g) = 0.07 dex, and σ([Fe/H]) = 0.024 dex. Hereafter, the 22 stars with T eff within 100 K, log g within 0.1 dex and [Fe/H] within 0.1 dex of the solar values are referred to as solar twins.
The abundances of the 18 other elements were calculated with MOOG, using the appropriate Kurucz model atmosphere and the curve-of-growth technique. The solar abundances, derived from our asteroid spectra, were used to determine relative abundances of each star on a line-by-line basis. We did not require extremely accurate absolute solar abundances for our analysis, which is entirely differential. Since almost all lines analyzed by us are well within the linear part of the curve of growth (the exceptions being a few strong Fe i and Ba ii lines), the uncertainties in our derived solar abundances and/or adopted transition probabilities are irrelevant. The average and standard deviation of the line-by-line relative abundances were adopted as the final abundance, [X/H], and error. On average, the [X/H] values 1 We adopt: A X = log n X /n H +12, where n X is the number density of the element X;
have line-by-line uncertainties of 0.025 dex. Errors in the parameters affect [X/H] and [Fe/H] similarly so that [X/Fe] abundance ratios are relatively insensitive to those uncertainties. The average error in [X/Fe] is 0.03 dex, which is dominated by the line-by-line scatter of the X and Fe elemental abundances. To improve the accuracy, non-LTE corrections were applied to the derived oxygen abundances using the results by Ramírez et al. (2007) , while hyperfine structure was taken into account in the synthesis of Mn and V lines (Prochaska & McWilliam 2000; Johnson et al. 2006) .
Our derived stellar parameters and abundances are available online (Tables 1 to 4).
Abundance trends among solar twin stars
In Fig. 1 (available online), we show the abundance ratios [X/Fe] determined in this work as a function of [Fe/H] . When compared to the abundance trends for Galactic thin-disk stars published elsewhere (e.g., Bensby et al. 2005; Reddy et al. 2006; Takeda 2007; Neves et al. 2009 ), we notice that the slopes and relative scatter (between different elements) are compatible with our results (all but the two most metal-poor stars in our sample have thin-disk kinematics). However, there is no general agreement about the zero points of the abundance ratios, which is a consequence of systematic errors that affect the various techniques used by other authors differently. Since those errors have been minimized in our differential work, the zero points of the abundance scales reported here should be reliable.
The [Fe/H] can be understood as metallicitydependent yields from SNe II. The nearly constant Na, V, Cr, Ni, and Cu abundance ratios stem from these elements and Fe roughly having the same nucleosynthetic origins. The abundance ratios of the s-process elements Y, Zr, and in particular Ba, which are thought to be produced mainly in AGB stars, are strongly dependent on stellar age (e.g., Edvardsson et al. 1993; Bensby et al. 2007 ); therefore, the large scatter seen is likely related to the age span of our sample. Also, non-negligible non-LTE effects are predicted for Ba ( 0.1 dex, Mashonkina et al. 1999; Mashonkina & Gehren 2000) , but they have not been corrected here.
Next, we examined the relation between [X/Fe] and condensation temperature (T C ; calculated for a solar-system composition gas by Lodders 2003) . Most of our sample stars show a significant correlation, although individually the scatter is relatively large (Fig. 2) . Thus, we averaged the [X/Fe] values for our 22 solar twins and compared them to T C . As seen in Fig. 3 , refractory elements (T C > 900 K) are overabundant with respect to the volatiles (T C < 900 K) in the solar twins compared to the Sun by as much as 20 % ( 0.08 dex). A linear fit to the T C > 900 K elements, weighted by the star-to-star scatter, shows that the abundance vs. T C correlation of refractory elements is significant at the 3σ level. The elements that depart the most from this trend are Al (T C = 1653 K) and Ba (T C = 1455 K). For Ba, a combination of age-related and strong non-LTE effects could be responsible for the large star-by-star scatter seen in Fig. 1 (e.g., Bensby et al. 2007; Mashonkina & Gehren 2000) . Following the referee's suggestion, we also examined the relation between [X/Fe] and the first ionization potential (FIP). While at first sight a correlation is apparent, its significance is less than for the T C trend (1.5σ for the T C > 900 K elements). We note, in particular, that Na, an element that clearly defines the T C trend, stands out as an obvious outlier on the FIP correlation. Moreover, if the abundances are plotted against the ionization potential of the species that correspond to the spectral lines used in our work (Y, Zr, and Ba abundances were derived from their singly ionized lines), the (already weak) correlation disappears.
To further examine the correlation with T C , we show the relation between the abundance ratio vs. T C slope for the refractory elements (T C > 900 K) and stellar parameters in Fig. 4 . We also show there the relation between the average abundance ratio of volatiles (T C < 900 K) and stellar parameters. The T C > 900 K slopes and T C < 900 K average abundances plotted in Fig. 4 are listed in Table 1 , available online. The trend seen for the average abundance of volatiles vs. [Fe/H] relation comes from chemical evolution effects, given that the abundance ratios of C and O increase with lower [Fe/H] (Fig. 1) . The T C > 900 K slope is correlated with the stellar surface gravity (log g) and [Fe/H] . Furthermore, at super-solar metallicities, there seem to be two distinct groups of stars, one showing positive slope and underabundance of volatiles and the other one having negative slope and roughly solar abundance of volatiles. A KolmogorovSmirnov test shows that the likelihood that the distribution of slopes at [Fe/H] > 0 corresponds to a single Gaussian centered around zero is about 2.7 times less than that of two Gaussians centered on −0.05 and 0.09 × 10 −3 dex K −1 , respectively (assuming a width of 0.03 × 10 −3 dex K −1 , which is the average observed value of our 22 solar twins).
Given the very limited [Fe/H] range (=0.0 ± 0.1 dex), Galactic chemical evolution effects are unimportant for our solar twins sample, and so the trend with T C shown in Fig. 3 is most likely related to other processes. Similar abundance trends with T C have been found for the ISM (e.g., Savage & Sembach 1996) and for certain types of objects such as post-AGB, RV Tauri, and λ Bootis stars (e.g., Venn & Lambert 1990; Giridhar et al. 2005) , albeit with much larger amplitudes. In the case of λ Bootis stars, the T C trend is attributed to the accretion of volatile rich gas with refractories depleted into grains in a fashion qualitatively consistent with ISM depletion patterns. In the atmospheres of the majority of our solar twins, elements that are more likely to form dust grains are more overabundant compared to the Sun. If the Sun and its twins formed similarly (in particular from gas with very similar initial chemical composition), where did the refractory elements go in the solar case? Meléndez et al. (2009) , who were the first to detect the T C abundance trends that we confirm in this paper, suggest that the solar chemical composition has been affected by the formation of planets. Inner solar system objects are enriched in refractory elements relative to volatiles (e.g., Palme 2000) , mirroring the trend seen in Fig. 3 . Relative abundances in meteorites are roughly constant up to T C 1000 K but increase steeply with T C for T C > ∼ 1000 K (Alexander et al. 2001, their Fig. 2 ). In the solar twins compared to the Sun, the overabundance of refractory elements relative to volatiles is of about 20% (or 0.08 dex). An order of magnitude calculation shows that such a difference would roughly disappear if the total mass of refractory elements in the terrestrial planets of the solar system today were to be added to the solar convective zone ). If the majority of solar twins did not form planets, their original chemical compositions should not have been altered, with no deficiency of refractories, as observed. The near constancy of the abundance of volatiles (T C < ∼ 1000 K) and the fact that they do not condense at the high temperatures present in the inner proto-solar system suggest that the Sun and its twins have retained those elements. The abundance differences for the volatiles would dissappear on average had we chosen one of those elements as the reference element rather than the refractory element Fe.
Planetary signatures in the abundance trends?
The behavior of the T C > 900 K slope with metallicity is particularly interesting (Fig. 4) . At solar and sub solar metallicity, few stars have near zero slope (within their 1-σ error). At super-solar metallicities, however, there seem to be two groups of stars: one showing positive T C slope and the other one negative. Following our line of reasoning, a negative slope implies that an even greater fraction of refractory elements have been extracted from the star-forming cloud to make up dust grains, also suggesting planet formation. Since the frequency of planetary systems increases with [Fe/H] (e.g., Udry & Santos 2007) , it is tempting to conclude that this bimodal distribution is separating super-solar metallicity stars with and without terrestrial planets. Thus, while for [Fe/H] < ∼ 0.1 the fraction of stars showing the proposed "planet signature" in their chemical composition is 15%, for [Fe/H] > 0.1 the number is 50% or more. The low number of stars analyzed at high [Fe/H] prevent us from determining this number more accurately.
Certainly, our interpretation of the T C trend may be questioned. For example, that the currently accepted values for the lifetimes of observed disks around pre-main-sequence stars are too short (∼3 to 10 Myr; e.g., Meyer 2009), compared to the time it took the solar convective zone to reach its present size (∼30 Myr; e.g., D'Antona & Mazzitelli 1994), suggests that the planet signature could not have been imprinted into the photospheric composition. However, recent realistic star formation calculations suggest that the structure of the early Sun was similar to that of the present one, and never fully convective (Wuchterl & Klessen 2001; Wuchterl & Tscharnuter 2003) , which would solve the time-scale problem (Nordlund 2009 ).
Independently of the interpretation, the observational result that the solar chemical composition is anomalous when compared to solar-type stars is very robust. We have minimized systematic errors by using differential analysis and reduced observational scatter by averaging the results over many stars that are similar to each other.
Previous studies (e.g., Smith et al. 2001; Takeda et al. 2001; Santos et al. 2004; Ecuvillon et al. 2006; Gonzalez & Laws 2007) have been cautious about reaching strong conclusions based on abundance trends with T C because of the still relatively large systematic errors associated with their analyses in comparison with the small size of the effect. To detect this trend, a precision of 0.03 dex or better is required. In fact, as stated above, the T C trend shown in Fig. 3 was first detected by Meléndez et al. (2009) , who were able to achieve a precision of 0.01 dex in their derived abundance ratios using spectra of higher quality for eleven southern hemisphere solar twins.
Detecting planets around other stars is one of the major challenges of contemporary astrophysics. Current technology allows us to find giant planets in close-in orbits with relative ease, so remarkable progress is being made in our understanding of exoplanets (e.g., Udry & Santos 2007) . Terrestrial planets and solar system analogs, however, remain elusive. The possibility of identifying them using detailed chemical composition analyses is therefore very promising. There is no reason to restrict this experiment to solar twins, because any group of stars twins of each other can be used to measure very precise relative abundances. We are currently working on the homogeneous (i.e., same telescope/instrument/observing conditions) acquisition and analysis of very high-quality spectra (R 100, 000; S /N > ∼ 400) of stars with and without detected planets to continue this investigation. 
